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Brief CommunicationSequence-Universal
Recognition of Duplex DNA by Oligonucleotides
via Pseudocomplementarity and Helix Invasion
“openers” for DNA duplexes [10–12], thus enabling hy-
bridization of regular oligonucleotides and related
probes with dsDNA via formation of so-called PD-loops
[13–15]. One more approach, originally called “selective
complementarity,” is based on the pseudocomplemen-
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Boston, Massachusetts 02215 tary strategy (Figure 1) that makes it possible for a pair
of mixed-base modified oligonucleotides to hybridize to
dsDNA by strand invasion [16, 17]. Pseudocomplemen-
tarity means that two special derivatives of initially
paired normal purine and pyrimidine are structurally ad-Summary
justed in such a way that they (1) do not match each
other but (2) are capable of a stable Watson-Crick-typeThe well-known Watson-Crick complementarity rules,
pairing with the natural nucleobase complements (seewhich were discovered 50 years ago, elegantly direct
Figure 1A for pseudocomplementary modified nucleo-the specific pairing of two DNA single strands. On the
bases we used).contrary, once formed, the double-stranded (ds) DNA
Though robust, these approaches did not provide alacks such a simple and sequence-universal recogni-
fully satisfactory solution of the problem of dsDNA tar-tion principle, since most of the characteristic chemi-
geting by oligonucleotides. Indeed, mostly long oligo-cal groups of nucleobases are now buried deep inside
purine tracts could presently be recognized via triplexthe double helix, the major DNA form. We report a
formation [6]. Although more general, the PD-loop-promising versatile approach for highly selective rec-
based approach is still limited by purine-rich sequencesognition of designated sites within dsDNA featuring
as well [11, 13]. On the other hand, the RecA-assistedconsiderable practical potential for a variety of molec-
sequence-unrestricted DNA recognition has much lowerular-biological, biotechnological, gene-therapeutic,
specificity as compared to “pure” DNA-DNA (or DNA-and diagnostic applications. It may also have implica-
RNA) interactions [18]. As for pseudocomplementarytions for prebiotic evolution of genetic machinery at
oligodeoxynucleotides (pcODNs), they can bind dsDNAthe primordial stages of the origin of life. Our design
only at the end of DNA duplexes [16, 17] (see structuresynergistically employs the robust helix-invasion abil-
I in Figure 1B), which significantly limits their application.ity of recently developed DNA mimics and analogs,
We demonstrate here a protein-free sequence-unre-pseudocomplementary peptide nucleic acids and pseu-
stricted system for binding oligonucleotide probes todocomplementary oligonucleotides, thus enabling the
internally located dsDNA sites. This approach suggestssequence-unrestricted recognition of chosen DNA du-
a general principle for sequence-specific binding of oli-plexes by nucleobase oligomers. Using this basically
gonucleotides to duplex DNA, thus offering numerousgeneral approach, we selectively tagged a unique
subsequent uses.mixed-base site on the target dsDNA fragment with
streptavidin and/or multiply labeled this site with fluo-
rophores via the primer-extension reaction.
Results and Discussion
Introduction Our design employs pseudocomplementary (pc) PNAs
[19–23] as sequence-specific mixed-base openers for
The recognition of a specific DNA strand by the second DNA duplexes to selectively generate duplex edges
(complementary) one proceeds easily via Watson-Crick (structure II in Figure 1B) near the designated oligonucle-
base pairing [1–3]. Yet, special techniques are required otide binding site within a targeted dsDNA fragment.
to enable a third DNA single strand (usually in the form We assume that such dsDNA edges will then facilitate
of an oligonucleotide) to recognize the designated se- the proximal strand invasion of corresponding pcODNs
quence within linear DNA duplexes. Note that although (structure III in Figure 1B), similar to their binding at the
various DNA binding ligands can be used for this pur- very end of the dsDNA (see structure I in the same
pose [4], targeting of dsDNA with oligonucleotides is figure). Consequently, the internal dsDNA sites of an
advantageous for many applications. Accordingly, sev- arbitrary sequence could be sequence specifically tar-
eral approaches have been developed to this end. geted by oligonucleotide probes. While this design is
One of them utilizes triplexes formed via Hoogsteen rather simple and straightforward, its workability is not
and Hoogsteen-like pairing of purine or pyrimidine oligo- obvious at the outset.
nucleotides with a corresponding dsDNA site [4–6]. First, possible steric interference may occur between
Another approach employs RecA protein as sequence- two complexes formed in close vicinity. Second, the
universal helper for binding of ordinary mixed-base oli- conflicting salt requirements for formation and stability
gonucleotides to dsDNAs [7, 8]. Pyrimidine peptide nu- of pcPNA-dsDNA and pcODN-dsDNA complexes have
cleic acids (PNAs) [9] have been used as site-directed to be taken into account. In fact, low salt is known to
facilitate the pcPNA invasion into dsDNA [20]. Moreover,
our own experience shows that in some cases stability of*Correspondence: vvd@bu.edu
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Figure 2. Gel-Shift Assay of pcODN-DNA Complexes Formed in the
Middle of a dsDNA Target Fragment with the Aid of pcPNAs
Lanes 1–6 show the results obtained with the correct target site,
whereas lanes 7 and 8 correspond to controls in which either PNA
or ODN binding sites contain a single mismatch (218 bp dsDNA
fragments were obtained by PCR amplification from the pUC19
vector with the cloned EcoR I-BamH I inserts). Lanes 9 and 10
represent the experiments in which the ODN binding site was lo-
cated at the end of another dsDNA fragment (203 bp; marked by red
asterisk) taken in the mixture with other DNA fragments (obtained as
the BsmA I-Pvu II digest of the corresponding pUC19 recombinant).
M is a 100 bp dsDNA size marker; s-avidin, streptavidin. Concentra-
tions: DNA, 5 nM; PNAs, 10 nM; ODNs, 5 M. 30 bp DNA target
sites: 5-GTAGATC(G)ACTGTACA(G)ATTCGAGCTCGGTAC (AT con-
tent [correct site]  53%; PNA binding site is underlined; ODN bind-
ing site is italicized; single mismatches in these sites are given
in parentheses; in the case of the end-located ODN binding, the
TCTCGTA sequence was added right before the ODN binding siteFigure 1. Schematic Representation of the Pseudocomplementary
to create the BsmA I recognition/cleavage site). ODNs, 5-sTDCNucleobase Oligomers’ Hybridization with Duplex DNA
DDsTsTCGDGCsTCGGsTDC and 5-GsTDCCGDGCsTCGDDsTsTGsTD-(A) Base-pairing schemes explaining the concept of pseudocomple-
biotin (ordered from MWG-Biotech); PNAs, HLys-GsUDGDsUCDCsU-mentarity. Bulky groups of modified nucleobases, adenine derivative
LysNH2 and HLys-DGsUGDsUCsUDC-LysNH2 (a gift from P.E. Niel-(D), and thymine derivatives (sT [ODN] or sU [PNA]) cause a steric
sen). PNA-DNA complex formation, 2 hr, 45C, 10 mM TE buffer (pHclash in D-sT/sU base pair (interfering atoms are shown as red
7.4); ODN-DNA complex formation, 10 hr, 45C, same buffer withspheres). Nevertheless, a perfect fit is retained in D-T and A-sT/sU
addition of 200 mM NaCl and 10 mM MgCl2; gel electrophoresis,pairs (sterically suitable atoms of A and T are shown as black
nondenaturing 8% polyacrylamide gel filled with TBM buffer (TBMspheres). As a result, only the complementary interactions between
TBE  5 mM MgCl2), 200 V, 5 hr with ice cooling.thus modified nucleobases are significantly obstructed, but they
can form stable pairs with normal DNA counterparts.
(B) Schematics of different modes of dsDNA recognition by pseudo-
PNA [19] and ODN [16] contexts as the pseudocomple-complementary oligomers via the strand displacement: (I) the
Y-shaped complex formed by pcODNs at the end of DNA duplex; mentary substitutes for adenine and thymine/uracil, re-
(II) the eye-like double-duplex invasion complex formed by pcPNAs spectively (Figure 1A). The results of the gel-shift assay
inside the DNA duplex; (III) the PNA-assisted internal binding of we used to analyze the oligonucleotide-dsDNA binding
pcODNs developed in this work.
clearly show that the D/sT-substituted mixed-base
pcODNs do quantitatively bind the complementary inner
dsDNA site, provided the DNA fragment carrying thisthe pcPNA-dsDNA complexes severely decreases with
increasing salt. Conversely, the pcODN-dsDNA com- site was pretargeted with D/sU-substituted mixed-base
pcPNAs at a bordering site. Indeed, an additional retar-plexes require high salt for their formation [16, 17].
Nevertheless, despite these complications, we were dation of the pcPNA-bound DNA fragment is observed
upon addition of pcODNs (compare lanes 1, 4, and 5 inable to find conditions that are suitable for both pcPNA
and pcODN binding to duplex DNA and where the multi- Figure 2), which is indicative of the formation of a stable
complex between oligonucleotides and target dsDNA.component PNA-ODN-DNA complex can be stably
formed at the internal sequence-unique dsDNA site by On the contrary, these pcODNs are not able to bind to
the internally located sequence-matched dsDNA sitesequential pcPNA and pcODN strand invasion.
Figure 2 proves that this is really the case when alone (lane 2, Figure 2), though they are capable of
selective binding to the same site if it is located at the2-aminoadenine (or 2,6-diaminopurine, D) and 2-thio-
uracil (sU) or 2-thiothymine (sT) nucleobases are used in terminus of another dsDNA fragment (compare lanes 9
PNA-Mediated WC-Type dsDNA Recognition by pcOligos
593
Figure 3. Extension of a Primer on Duplex
DNA via the pcODN Hybridization
Primer-extension reactions, as recorded on
an automated DNA sequencer, were per-
formed by Sequenase enzyme on two dsDNA
fragments targeted by pcODNs either termi-
nally (green line; complex I in Figure 1B) or
internally (red line; complex III in Figure 1B).
In the latter case, a “no PNA” control has
been made as well to detect the background
fluorescence (black line). Only one of the two
pcODNs had the free 3 end and served as a
primer, since the other oligonucleotide was
chemically incapable of extension due to its
3 capping with biotin (see the ODN struc-
tures in the Figure 2 legend). Peaks corre-
spond to the length of extension products,
starting from the hybridization site and ex-
tending to the end of DNA fragments. Multiple
fluorescent labeling of these products was
achieved by adding fluorogenic Cy5-dATP to
a normal dNTP mixture. The inset shows
computer-simulated “bar code” patterns
obtained with the DNA sequencing software to imitate the gel-derived autoradiograms commonly used in the primer-extension analysis. The
blue asterisk indicates an intense band in the background fluorescence intrinsic to the Cy5-dATP sample. Primer-extension reactions were
run for 15 min with 2 g of ODN-DNA or PNA-ODN-DNA complexes using 2 units of Sequenase and 10 nmol of dNTPs. Gel electrophoresis:
6% denaturing polyacrylamide gel filled with 7 M urea/TBE buffer, 5 hr at 50C, A.L.F. Express DNA Sequencer (Pharmacia Biotech).
and 10 of the same figure), in agreement with previous tide primer can be bound to and be isothermally ex-
tended on duplex DNA directly and that this reactionobservations [16].
As can be expected, the effect of pcPNA pretargeting can be fluorescently detected.
Although this is not demonstrated here, oligonucleo-on the pcODN binding to DNA duplexes rapidly dimin-
ishes with the distance between their binding sites on tides with the pseudocomplementary analogs of G and
C nucleobases can also be used [17]. They may provedsDNA. In the experiments presented here, this distance
is merely 1 bp, and we noticed only a slight increase in to be more efficient for PNA-directed targeting to the
internally located GC-rich dsDNA sequences. Still,efficiency of the pcODN binding when the pcODN and
pcPNA binding sites were immediately adjacent to each highly GC-enriched protracted DNA sites might require
the G/C-modified PNAs as well for accomplishment ofother. However, a significant drop in the pcODN binding
to the pcPNA-bound DNA was observed if these sites our approach. Therefore, the prospective synthesis of
such pcPNAs and/or entirely modified pcODNs andwere separated by 2 bp (data not shown). Importantly,
the PNA-assisted binding of pcODNs inside of linear pcPNAs carrying both A/T and G/C pseudocomplemen-
tary replacements should provide the complete rangedsDNA exhibits high sequence specificity: a single mis-
match in the ODN binding site obstructs its binding of sequence-universal tools for dsDNA recognition by
oligonucleotides.despite the PNA-DNA complex formation (lane 8, Figure
2). A mismatch in the PNA binding site also interferes
with the pcODN internal invasion (lane 7), thus further Significance
enhancing the ODN recognition specificity. Lane 6 of
Figure 2, featuring an extra retardation of DNA target The results with protein tagging and primer extension
illustrate that our approach can be used for sequence-fragment in the presence of streptavidin, demonstrates
that DNA can be selectively tagged, via the PNA-medi- specific manipulation with basically intact duplex DNA.
We anticipate that it may be employed for nondenatur-ated binding of oligonucleotide, with a protein when
biotinylated pcODN is used (see Figure 2, lane 3 as a ing dsDNA sequencing, labeling, and isolation, hence
offering numerous subsequent applications for DNAnegative control without pcPNA).
Figure 3 shows the results of the primer-extension diagnostics and DNA biotechnology. For instance, the
DNA sequence analysis of unique sites in native chro-assay in the presence of fluorescently labeled nucleotide
when one of the two pcODNs hybridized to the dsDNA matin and their complexes with different ligands can
now be performed if the fluorescently labeled ODNtarget fragments acted as a primer for DNA polymerase
with the strand-displacement potential. The full-length primer and Sanger dideoxy sequencing protocol is
used [24, 25]. The multicomponent complex we as-product of the primer-extension reaction is expected to
be 141 or 203 bp long for internally and terminally lo- sembled on duplex DNA may also serve as a conve-
nient polyfunctional building block for fabrication ofcated ODN binding sites, respectively. In fact, one can
see in Figure 3 the appearance of two characteristic composite DNA-based supramolecular constructs in
the emerging field of DNA nanotechnology [26–29].peaks that clearly validate the primer extension in both
cases and additionally prove the ability of PNA to facili- The PNA-based approach we developed for recogni-
tion and labeling of duplex DNA with oligonucleotidestate pcODN binding to the internal mixed-base dsDNA
site. Thus, these data demonstrate that an oligonucleo- is more general, compared with oligonucleotide uptake
Chemistry & Biology
594
Referencesby supercoiled DNA [30–32]. Being also substantially
less sequence restricted than another PNA-based ap- 1. Watson, J.D., and Crick, F.H.C. (1953). Molecular structure of
proach for hybridizing standard oligonucleotides with nucleic acids: a structure for deoxyribose nucleic acid. Nature
dsDNA proposed previously [13], our methodology 171, 737–738.
2. Southern, E.M. (1975). Detection of specific sequences amongseems to be essentially sequence universal. As a pro-
DNA fragments separated by gel electrophoresis. J. Mol. Biol.tein-free system, it is significantly more sequence-
98, 503–517.specific than the RecA-based approach, which toler-
3. Tyagi, S., and Kramer, F.R. (1996). Molecular beacons: probesates several nucleobase mismatches [18]. that fluoresce upon hybridization. Nat. Biotechnol. 14, 303–308.
A higher sequence specificity of our design is addi- 4. Dervan, P.B. (2001). Molecular recognition of DNA by small mol-
tionally warranted by the two-step/multiple-coinci- ecules. Bioorg. Med. Chem. 9, 2215–2235.
5. Frank-Kamenetskii, M.D., and Mirkin, S.M. (1995). Triplex DNAdence recognition scheme: two closely located but
structures. Annu. Rev. Biochem. 64, 65–95.independent DNA sites for simultaneous binding of
6. Gowers, D.M., and Fox, K.R. (1999). Towards mixed sequencetwo PNA oligomers and two oligonucleotides are in-
recognition by triple helix formation. Nucleic Acids Res. 27,volved in the complex formation. Note in this connec- 1569–1577.
tion that even pseudocomplementary oligomers can 7. Ferrin, L.J., and Camerini-Otero, R.D. (1991). Selective cleavage
still bind, although transiently, their pseudocomple- of human DNA: RecA-assisted restriction endonuclease (RARE)
cleavage. Science 254, 1494–1497.mentary counterparts by forming weak pcPNA-pcPNA
8. Ferrin, L.J. (2001). Flexible genetic engineering using RecA pro-or pcODN-pcODN pairs [16, 17, 21]. This process will
tein. Mol. Biotechnol. 18, 233–241.further contribute to the superior selectivity of pcPNA-
9. Nielsen, P.E., Egholm, M., Berg, R.H., and Buchardt, O. (1991).assisted dsDNA recognition by pcODNs via the “strin- Sequence selective recognition of DNA by strand displacement
gency clamping” effect of structurally constrained with a thymine-substituted polyamide. Science 254, 1497–1500.
probes [33, 34]. Thus, practically zero tolerance of the 10. Demidov, V.V., and Frank-Kamenetskii, M.D. (2001). Sequence-
specific targeting of duplex DNA by peptide nucleic acids viacomplex formation to single-base mismatches is ex-
triplex strand invasion. Methods 23, 108–122.pected for our approach, which is strongly supported
11. Demidov, V.V. (2001). PD-loop technology: PNA openers atby negative results obtained with the mismatched
work. Expert Rev. Mol. Diagn. 1, 343–351.dsDNA targets (Figure 2). 12. Demidov, V.V., and Frank-Kamenetskii, M.D. (2002). PNA open-
Given the possible role of PNA-based oligomers, ers and their applications. In Peptide Nucleic Acids: Methods
including the oligonucleotide-PNA chimeras, in pre- and Protocols, P.E. Nielsen, ed. (Totowa, NJ: Humana Press),
pp. 119–130.biotic chemistry of nucleic acids [35–44], the easily
13. Bukanov, N.O., Demidov, V.V., Nielsen, P.E., and Frank-Kamen-assembled protein-free biomolecular system we de-
etskii, M.D. (1998). PD-loop: a complex of duplex DNA with anveloped for PNA-directed dsDNA recognition by oligo-
oligonucleotide. Proc. Natl. Acad. Sci. USA 95, 5516–5520.
nucleotides may also have implications for primordial 14. Kuhn, H., Demidov, V.V., and Frank-Kamenetskii, M.D. (1999).
evolution of genetic machinery at the earliest stages Topological links between duplex DNA and a circular DNA single
of the origin of life. Here, the ability of pcPNA and strand. Angew. Chem. Int. Ed. Engl. 38, 1446–1449.
15. Kuhn, H., Demidov, V.V., Coull, J.M., Gildea, B.D., Fiandaca,pcODN pairs to bind conjointly to a specific site on
M.J., and Frank-Kamenetskii, M.D. (2002). Hybridization of DNAdsDNA without serious sequence limitations, and the
and PNA molecular beacons to single-stranded and double-capacity of this dual complex to efficiently act as a
stranded DNA targets. J. Am. Chem. Soc. 124, 1097–1103.
priming point for the DNA-templated synthesis could 16. Kutyavin, I.V., Rhinehart, R.L., Lukhtanov, E.A., Gorn, V.V.,
be most significant. Importantly, the primer extension Meyer, R.B., Jr., and Gamper, H.B., Jr. (1996). Oligonucleotides
containing 2-aminoadenine and 2-thiothymine act as a selec-initiated by pcODN binding at the very end of the DNA
tively binding complementary agents. Biochemistry 35, 11170–duplex does not require PNA assistance and will evi-
11176.dently provide the complete replica of complementary
17. Woo, J., Meyer, R.B., Jr., and Gamper, H.B. (1996). G/C-modified
DNA strand (see the green-colored peak in Figure 3). oligodeoxynucleotides with selective complementarity: synthe-
Note to this end that the alternatively possible triplex- sis and hybridization properties. Nucleic Acids Res. 24, 2470–
directed scheme proposed for nonenzymatic replica- 2475.
18. Malkov, V.A., Sastry, L., and Camerini-Otero, R.D. (1997). RecAtion of nucleic acids looks rather complicated [45] and
protein assisted selection reveals a low fidelity of recognitionthat DNA polymerases do not run the triplex-type primer-
of homology in a duplex DNA by an oligonucleotide. J. Mol.extension reaction on continual DNA duplex [46].
Biol. 271, 168–177.
19. Lohse, J., Dahl, O., and Nielsen, P.E. (1999). Double duplex
Acknowledgments invasion by peptide nucleic acid: a general principle for se-
quence-specific targeting of double-stranded DNA. Proc. Natl.
This work is dedicated to Ed Southern, one of the pioneers of DNA Acad. Sci. USA 96, 11804–11808.
recognition/detection with oligonucleotides and the recognized ex- 20. Izvolsky, K.I., Demidov, V.V., Nielsen, P.E., and Frank-Kamenet-
pert in the field, on the occasion of his “star” jubilee (65th anniver- skii, M.D. (2000). Sequence-specific protection of duplex DNA
sary). We thank Peter E. Nielsen for kindly providing us with pcPNAs. against restriction and methylation enzymes by pseudocomple-
We are also grateful to Edwin M. Southern, Charles C. Richardson, mentary PNAs. Biochemistry 39, 10908–10913.
Charles R. Cantor, Larry Gold, Thomas Kodadek, and Francis H.C. 21. Demidov, V.V., Protozanova, E., Izvolsky, K.I., Price, C., Nielsen,
Crick for encouraging comments and remarks while reading a pre- P.E., and Frank-Kamenetskii, M.D. (2002). Kinetics and mecha-
liminary version of this manuscript. Supported by the PIF and nism of the DNA double helix invasion by pseudocomplemen-
SPRInG awards from Boston University to V.V.D. tary peptide nucleic acids. Proc. Natl. Acad. Sci. USA 99, 5953–
5958.
Received: May 12, 2003 22. Protozanova, E., Demidov, V.V., Soldatenkov, V., Chasovskikh,
Revised: June 10, 2003 S., and Frank-Kamenetskii, M.D. (2002). Tailoring the activity of
Accepted: June 10, 2003 restriction endonuclease PleI by PNA-induced DNA looping.
EMBO Rep. 3, 956–961.Published: July 18, 2003
PNA-Mediated WC-Type dsDNA Recognition by pcOligos
595
23. Protozanova, E., Demidov, V.V., Nielsen, P.E., and Frank-
Kamenetskii, M.D. (2003). Pseudocomplementary PNAs as se-
lective modifiers of protein activity on duplex DNA: the case of
type IIs restriction enzymes. Nucleic Acids Res. 31, in press.
24. Demidov, V.V., Broude, N.E., Lavrentyeva-Smolina, I.V., Kuhn,
H., and Frank-Kamenetskii, M.D. (2001). An artificial primosome:
design, function, and applications. Chembiochem 2, 133–139.
25. Smolina, I.V., Demidov, V.V., and Frank-Kamenetskii, M.D.
(2003). Pausing of DNA polymerases on duplex DNA templates
due to ligand binding in vitro. J. Mol. Biol. 326, 1113–1125.
26. Seeman, N.C. (2003). DNA in a material world. Nature 421,
427–431.
27. Niemeyer, C.M. (2002). Nanotechnology: tools for the biomolec-
ular engineer. Science 297, 62–63.
28. Mirkin, C.A. (2000). Programming the assembly of two- and
three-dimensional architectures with DNA and nanoscale inor-
ganic building blocks. Inorg. Chem. 39, 2258–2272.
29. Seeman, N.C. (1999). DNA engineering and its application to
nanotechnology. Trends Biotechnol. 17, 437–443.
30. Holloman, W.K., Wiegand, R., Hoessli, C., and Radding, C.M.
(1975). Uptake of homologous single-stranded fragments by
superhelical DNA: a possible mechanism for initiation of genetic
recombination. Proc. Natl. Acad. Sci. USA 72, 2394–2398.
31. Corey, D.R., Pei, D., and Schultz, P.G. (1989). Sequence-selec-
tive hydrolysis of duplex DNA by an oligonucleotide-directed
nuclease. J. Am. Chem. Soc. 111, 8523–8525.
32. Potaman, V.N., Lushnikov, A.Y., Sinden, R.R., and Lyubchenko,
Y.L. (2002). Site-specific labeling of supercoiled DNA at the AT
rich sequences. Biochemistry 41, 13198–13206.
33. Roberts, R.W., and Crothers, D.M. (1991). Specificity and strin-
gency in DNA triplex formation. Proc. Natl. Acad. Sci. USA 88,
9397–9401.
34. Bonnet, G., Tyagi, S., Libchaber, A., and Kramer, F.R. (1999).
Thermodynamic basis of the enhanced specificity of structured
DNA probes. Proc. Natl. Acad. Sci. USA 96, 6171–6176.
35. Nelson, K.E., Levy, M., and Miller, S.L. (2000). Peptide nucleic
acids rather than RNA may have been the first genetic molecule.
Proc. Natl. Acad. Sci. USA 97, 3868–3871.
36. Orgel, L.E. (2000). A simpler nucleic acid. Science 290, 1306–
1307.
37. Joyce, G.F. (2002). The antiquity of RNA-based evolution. Na-
ture 418, 214–221.
38. Miller, S.L. (1997). Peptide nucleic acids and prebiotic chemis-
try. Nat. Struct. Biol. 4, 167–169.
39. Schwartz, A.W. (1997). Speculation of the RNA precursor prob-
lem. J. Theor. Biol. 187, 523–527.
40. Nielsen, P.E. (1996). Peptide nucleic acid (PNA). Implications
for the origin of the genetic material and the homochirality of
life. In Physical Origin of Homochirality in Life, D.B. Cline, ed.
(Woodbury, NY: AIP Press), pp. 55–61.
41. Kozlov, I.A., Orgel, L.E., and Nielsen, P.E. (2000). Remote enanti-
oselection transmitted by an achiral peptide nucleic acid back-
bone. Angew. Chem. Int. Ed. 39, 4292–4295.
42. Koppitz, M., Nielsen, P.E., and Orgel, L.E. (1998). Formation of
oligonucleotide-PNA-chimeras by template-directed ligation. J.
Am. Chem. Soc. 120, 4563–4569.
43. Schmidt, J.G., Christensen, L., Nielsen, P.E., and Orgel, L.E.
(1997). Information transfer from DNA to peptide nucleic acids
by template-directed syntheses. Nucleic Acids Res. 25, 4792–
4796.
44. Schmidt, J.G., Nielsen, P.E., and Orgel, L.E. (1997). Information
transfer from peptide nucleic acids to RNA by template-directed
syntheses. Nucleic Acids Res. 25, 4797–4802.
45. Kanavarioti, A. (1992). Self-replication of chemical systems
based on recognition within a double or a triple helix: a realistic
hypothesis. J. Theor. Biol. 158, 207–219.
46. Rocher, C., Dalibart, R., Letellier, T., Precigoux, G., and Les-
tienne, P. (2001). Initiation of DNA replication by DNA polymer-
ases from primers forming a triple helix. Nucleic Acids Res. 29,
3320–3326.
